1. Introduction {#sec1-ijms-16-20212}
===============

Tau protein is a neuron-specific microtubule-associated protein (MAPs) that stabilizes microtubule and stimulates microtubules assembly \[[@B1-ijms-16-20212]\]. Tau has a microtubule binding domain that contains a number of lysine residues \[[@B2-ijms-16-20212]\]. The positive charges of lysine residues are critical to bind with a microtubule, which is known to be a negatively charged structure \[[@B3-ijms-16-20212],[@B4-ijms-16-20212]\]. When tau is hyperphosphorylated, the charge balance between tau and microtubules is disrupted and tau loses its binding affinity to microtubules. The released tau becomes aggregated into insoluble filaments, called neurofibrillary tangles (NFTs). The accumulation of NFTs in the brain is a pathological hallmark of multiple neurodegenerative diseases including Alzheimer's disease (AD).

Due to the importance of tau phosphorylation in initiating tau pathology, great effort has been made to control tau phosphorylation \[[@B5-ijms-16-20212]\]. In a healthy neuron, tau phosphorylation is tightly regulated by multiple protein kinases and phosphatases to maintain microtubule dynamics required for neuronal processes. Evidence has shown that tau protein isolated from a healthy brain is also partially phosphorylated with an average of about two moles of phosphate per mole of protein \[[@B1-ijms-16-20212],[@B6-ijms-16-20212]\]. In contrast, tau isolated from the AD patient's brain contains six to eight moles of phosphate per mole of protein \[[@B6-ijms-16-20212]\]. The hyperphosphorylated tau is released from microtubules and initiates tau pathology. In this regard, inhibiting tau phosphorylation has been considered as the fundamental therapeutic strategy to cure tau-mediated neurodegeneration. However, continuous failures in controlling tau phosphorylation suggest that there might be other regulatory mechanism that has been overlooked \[[@B6-ijms-16-20212],[@B7-ijms-16-20212]\]. Recent data suggest that tau phosphorylation sites are protected with *O*-GlcNAc (*O*-linked β-*N*-acetylglucosamin) in a healthy neuron. The level of *O*-GlcNAcylation is reduced under pathological condition. Then, tau phosphorylation sites are freely exposed to kinases resulting in the generation of hyperphosphorylated tau. Gong's group firstly found that *O*-GlcNAcylation level in AD brains was 22% lower than that in normal brain, and hyperphosphorylated tau contained four-fold less *O*-GlcNAc than non-hyperphosphorylated tau \[[@B8-ijms-16-20212],[@B9-ijms-16-20212]\]. Vocadlo's group further demonstrated the reciprocal relationship between phosphorylation and *O*-GlcNAcylation modification of tau by developing an inhibitor of *O*-GlcNAcase, which catalyze the removal of *O*-GlcNAc \[[@B10-ijms-16-20212]\]. The treatment of OGA inhibitor leads to decrease tau phosphorylation by preventing the removal of *O*-GlcNAc from tau. These studies strongly suggest the importance of *O*-GlcNAcylation in controlling tau phosphorylation. There are two enzymes catalyzing the addition and removal of *O*-GlcNAc; *O*-GlcNAc transferase (OGT) and *O*-GlcNAcase (OGA). The pathological role of OGA in promoting tau aggregation has been actively investigated \[[@B10-ijms-16-20212],[@B11-ijms-16-20212]\]. In contrast, the role of OGT in tau pathology has barely investigated so far.

To investigate the role of OGT on tau pathology, here we used a recently developed OGT inhibitor, BZX2, compared with Thiamet G ([Scheme 1](#ijms-16-20212-f004){ref-type="scheme"}a) \[[@B12-ijms-16-20212]\]. BZX2 is known to inhibit the activity of purified OGT at the concentration of 15 to 60 µM. To evaluate the compound's effect on tau aggregation, we treated OGA/OGT inhibitors to tau aggregation sensor cells, named tau-BiFC (bimolecular fluorescence complementation) ([Scheme 1](#ijms-16-20212-f004){ref-type="scheme"}b) \[[@B13-ijms-16-20212],[@B14-ijms-16-20212]\]. In tau-BiFC system, non-fluorescent N- and C-terminal compartments of Venus protein are fused to tau, and Venus fluorescence turns on only when tau assembles together. It is beneficial to use tau-BiFC system since there is no fluorescence background when tau expressed in HEK293 exists as a monomer. By eliminating the background noise from monomeric tau, we were able to achieve spatial and temporal resolution of tau dimerization and oligomerization in living cells. By using tau-BiFC sensor, we can monitor and quantify intracellular tau aggregation regulated by BZX2 or Thiamet G.

![Tau pathology regulated by *O*-GlcNAcylation and phosphorylation: (**a**) A diagram presenting the reciprocal relationship between *O*-GlcNAcylation and phosphorylation in tau pathology. Thiamet G, *O*-GlcNAcase (OGA) inhibitor; BZX2, an *O*-GlcNAc transferase (OGT) inhibitor; Tau-G, *O*-GlcNAcylated Tau; Tau-P, Phosphorylated Tau; and (**b**) Illustration of a cell-based sensor for tau aggregation. In tau-BiFC (bimolecular fluorescence complementation) system, full-length tau is conjugated with the non-fluorescent N- and C-terminal fragment of Venus fluorescence protein. Venus fluorescence turns on only when tau assembles together.](ijms-16-20212-g004){#ijms-16-20212-f004}

2. Results and Discussion {#sec2-ijms-16-20212}
=========================

2.1. BZX2 Increases Tau-BiFC (Bimolecular Fluorescence Complementation) Fluorescence Response {#sec2dot1-ijms-16-20212}
---------------------------------------------------------------------------------------------

To compare the effects of OGA and OGT inhibition on tau aggregation, tau-BiFC cells were treated with Thiamet G and BZX2 at various concentrations ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}a). As expected, the treatment of Thiamet G decreased the basal level of tau aggregation slightly by showing 30% reduced tau-BiFC response at the highest concentration ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}b). Conversely, BZX2 treatment increased tau aggregation almost two-fold, showing the strong tau-BiFC fluorescence response ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}b). This result clearly indicates the opposite effect between OGA and OGT inhibitors on tau aggregation. However, OGA and OGT inhibitors do not directly regulate purified tau aggregation *in vitro* without post translational modification on tau ([Figure S1](#app1-ijms-16-20212){ref-type="app"}). As a pathological indication of tau aggregation, the level of tau phosphorylation was measured by using tau phosphor-antibodies against phospho-Ser199 or phospho-Ser396, which are known for the most sensitive tau phosphorylation sites of the tau-BiFC cell model ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}c) \[[@B13-ijms-16-20212]\]. Upon treatment of BZX2 (100 µM), tau phosphorylation was increased 1.8-fold at Ser199 and 2.3-fold at Ser396 ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}c). The treatment of Thiamet G (100 µM) decreased tau phosphorylation, showing a 40% decrease at Ser199 and 32% decrease at Ser396 ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}c). The opposed level of tau phosphorylation indicates the reciprocal effects of OGA/OGT inhibitors on tau aggregation.

Next, we evaluated intracellular *O*-GlcNAcylation level by using an anti-*O*-GlcNAc antibody ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}d) \[[@B8-ijms-16-20212],[@B11-ijms-16-20212]\]. Upon the treatment of Thiamet G, intracellular *O*-GlcNAcylation level was increased 2.4-fold in total cell lysates. Upon treatment of BZX2, *O*-GlcNAcylation level was decreased by 32% ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}d). This result shows that *O*-GlcNAcylation of intracellular proteins was expository regulated by the treatment of OGA and OGT inhibitors. However, tau is one of the hundreds of protein substrates regulated by OGT and OGA. To scrutinize the level of tau *O*-GlcNAcylation, tau protein was immuno-precipitated with an anti-tau (TauSer262, Abcam, Cambridge, MA, USA) antibody. Then, the purified tau was labeled with an anti-*O*-GlcNAc antibody ([Figure 1](#ijms-16-20212-f001){ref-type="fig"}e). The level of *O*-GlcNAcylated tau was quite low at the basal condition. Upon treatment of Thiamet G, the level of tau *O*-GlcNAcylation was increased by 6.4-fold. Compared to the significantly increased tau *O*-GlcNAcylation, the anti-aggregation effect of Thiamet G was merely 30%. This might be due to the low aggregation propensity of tau under the basal condition. Therefore, the protection effect of Thiamet G needs to be investigated in the condition stimulating tau aggregation.

###### 

The opposite effects of OGA (*O*-GlcNAcase) and OGT (*O*-GlcNAc transferase) inhibitors on tau pathology. (**a**,**b**) Tau-BiFC cells were treated with Thiamet G or BZX2 (0, 10, 30 and 100 µM) for 24 h. Then, cellular responses of tau-BiFC fluorescence were imaged by using Operetta^®^ (PerkinElmer™, Waltham, MA, USA) (**a**) and quantified by Harmony 3.1 software (PerkinElmer™, Waltham, MA, USA) (**b**). Error bars represent the standard deviations from two independent experiments and each experiment was triplicated. The significance of the experiments was determined with paired *t*-test. **\*\*** *p \<* 0.01, **\*\*\*** *p \<* 0.001. Scale bar = 100 µm; (**c**) Immunoblot analysis of tau phosphorylation and the quantification. For immunoblot analysis, tau-BiFC cells were incubated with Thiamet G (100 µM) or BZX2 (100 µM) for 24 h. The levels of tau phosphorylation were determined using anti-phospho-Ser199 or anti-phospho-Ser396 antibodies. The levels of tau phosphorylation were quantified and normalized with that of non-phosphorylated tau (TauSer262). Black arrows indicate two parts of tau-conjugated BiFC compartments (TauVN173 and Tau-VC155); (**d**) Immunoblot analysis of global *O*-GlcNAc levels in the tau-BiFC cell lysates and the quantification. The star symbol indicates full-length tau; and (**e**) Immunoblot analysis of *O*-GlcNAc levels on immuno-affinity purified tau and the quantification. Immunoblot with anti-tau (TauSer262) antibody indicates the amounts of immune-affinity purified tau. The relative levels of tau *O*-GlcNAcylation were quantified and normalized with that of non-phosphorylated tau (TauSer262). Error bars represent the standard deviations from three independent experiments. The significance of the experiments was determined with paired *t*-test. **\*** *p* \< 0.05, **\*\*** *p \<* 0.01, **\*\*\*** *p \<* 0.001.
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2.2. Counter Regulatory Effect of OGA/OGT Inhibitors on Tau Phosphorylation {#sec2dot2-ijms-16-20212}
---------------------------------------------------------------------------

To investigate the differential regulatory effect of *O*-GlcNAc under tau phosphoylation condition, tau-BiFC cells were treated with OGA or OGT inhibitors upon the stimulation of tau phosphorylation by forskolin ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}a). Forskolin, an activator of protein kinase A (PKA), is known to induce tau hyperphosphorylation \[[@B15-ijms-16-20212]\]. Upon the treatment of forskolin (20 µM), intracellular tau aggregation was greatly induced, showing 3.2-fold increased tau-BiFC fluorescence ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}b). Intracellular tau oligomerization and aggregation were confirmed by native gel analysis and immuno-fluorescence microscopy ([Figure S2](#app1-ijms-16-20212){ref-type="app"}). Immunoblot analysis shows the increased tau phosphorylation (1.4-fold increase at Ser199 and 1.6-fold increase at Ser396) upon the treatment of Forskolin ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}c,d). As expected, the forskolin-induced tau aggregation was decreased by the treatment of Thiamet G, showing a 30% decrease in tau-BiFC fluorescence response ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}b). Immunoblot analysis also shows that Thiamet G decreased forskolin-induced tau phosphorylation by 21% at Ser199 and 37% at Ser396 compared with that of forkolin-treated lysates ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}c). However, the reduction rate of forskolin-induced tau phosphorylation by Thiamet G was merely 21% or 37%, even at the highest concentration of Thiamet G. The low protection rate by *O*-GlcNAcylation suggests that tau has more chance to be phosphorylated, when kinase pathway is activated.

Next, we investigated dual stimulation effects on tau pathology by the co-treatment of BZX2 and forskolin ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}a). When BZX2 was co-treated with forskolin, tau aggregation was facilitated more than the single treatment of either BZX2 or forskolin ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}b). The result suggests that the removal of *O*-GlcNAc boosts tau phosphorylation even further, when kinases are activated. Immunoblot analysis also confirmed the increased tau phosphorylation by the co-treatment of BZX2 and forskolin (6.8% increase at Ser199 and 14% increase at Ser396) ([Figure 2](#ijms-16-20212-f002){ref-type="fig"}d). Our result clearly indicated that forskolin-induced tau aggregation is decreased by inhibiting *O*-GlcNAcase, and facilitated by inhibiting *O*-GlcNAc transferase.

###### 

The regulatory effect of *O*-GlcNAcylation under tau hyperphosphorylation. (**a**,**b**) Tau-BiFC cells were treated with Thiamet G or BZX2 (25, 50 and 100 µM) with forskolin (20 µM) for 24 h. Then, cellular responses of tau-BiFC fluorescence were imaged by using Operetta^®^ (**a**) and quantified by Harmony 3.1 software (**b**); The tau-BiFC levels are presented as the normalized percentage of forskolin-treated cells. The significance of the experiments was determined with paired *t*-test. **\*** *p \<* 0.05, **\*\*** *p \<* 0.01. Scale bar = 50 µm. (**c**,**d**) Immunoblot analysis of tau phosphorylation and the quantification. For immunoblot analysis, tau-BiFC cells were incubated with Thiamet G (100 µM, **c**), BZX2 (100 µM, **d**) or co-treated with forskolin (20 µM) for 24 h. The levels of tau phosphorylation were determined using anti-phospho-Ser199 or anti-phospho-Ser396 antibodies. Anti-β-tubulin antibody was used for loading control. The relative levels of tau phosphorylation were quantified and normalized with that of non-phosphorylated tau (TauSer262). Black arrows indicate two parts of tau-conjugated BiFC compartments (Tau-VN173 and Tau-VC155). Error bars represent standard deviation from three independent experiments. **\*\*** *p \<* 0.01.
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2.3. Thiamet G Decreased BZX2-Induced Tau Aggregation {#sec2dot3-ijms-16-20212}
-----------------------------------------------------

To scrutinize the counter-regulatory effect of OGA and OGT further, tau-BiFC cell were co-treated with Thiamet G and BZX2 ([Figure 3](#ijms-16-20212-f003){ref-type="fig"}a). As shown previously in [Figure 1](#ijms-16-20212-f001){ref-type="fig"}, BZX2 (100 µM) increases tau-BiFC fluorescence response almost two times. BZX2-induced tau aggregation decreased with co-treated Thiamet G, showing 42.5% deceased tau-BiFC response at the highest concentration ([Figure 3](#ijms-16-20212-f003){ref-type="fig"}b). Correspondingly, BZX2-induced tau phosphorylation, resulting in a 1.8-fold increase at Ser199 and 2.3-fold increase at Ser396, and reversed back to basal level by the treatment of Thiamet G ([Figure 3](#ijms-16-20212-f003){ref-type="fig"}c). These results directly suggest the opposite regulatory effect of OGA and OGT on tau aggregation and phosphorylation. Upon the treatment of Thiamet G, the level of tau *O*-GlcNAcylation was increased by 5.5-fold ([Figure 3](#ijms-16-20212-f003){ref-type="fig"}d). The increased tau *O*-GlcNAcylation efficiently decreased by the co-treated BZX2, indicating their reciprocal regulatory effect on *O*-GlcNAcylation. These results further support our conclusion above that the decrease in *O*-GlcNAcylation may have contributed to phosphorylation of tau.

![The opposite regulatory effect of OGA and OGT under co-treatment of OGA and OGT inhibitors. (**a**,**b**) Tau-BiFC cells were incubated with BZX2 (100 µM) or BZX2 co-treated with Thiamet G (25, 50 and 100 µM) for 24 h. Then, cellular responses of tau-BiFC fluorescence were imaged by using Operetta^®^ (**a**) and quantified by Harmony 3.1 software (**b**). Error bars represent the standard deviations from two independent experiments and each experiment was triplicated. The significance of the experiments was determined with paired *t*-test. **\*\*** *p* \< 0.01. Scale bar = 50 µm; (**c**) Immunoblot analysis of tau phosphorylation and the quantification. For immune-blot analysis, tau-BiFC cells were incubated with Thiamet G (100 µM), BZX2 (100 µM) or Thiamet G co-treated with BZX2 for 24 h. The levels of tau phosphorylation were determined using anti-phospho-Ser199 or anti-phospho-Ser396 antibodies. Anti-β-tubulin antibody was used for loading control. The relative levels of tau phosphorylation were quantified and normalized with that of non-phosphorylated tau (TauSer262). Black arrows indicate two parts of tau-conjugated BiFC compartments (Tau-VN173 and Tau-VC155); and (**d**) Immunoblot analysis of tau *O*-GlcNAcylation levels on immuno-affinity purified tau and the quantification. The relative levels of tau *O*-GlcNAcylation were normalized with that of non-phosphorylated tau (TauSer262). Error bars represent standard deviation from three independent experiments. The significance of the experiments was determined with paired *t*-test. **\*\*** *p* \< 0.01.](ijms-16-20212-g003){#ijms-16-20212-f003}

2.4. Discussion {#sec2dot4-ijms-16-20212}
---------------

For many years, tau hyperphosphorylation has been believed to be the key pathological event regulating tau aggregation. Although tau phosphorylation is an important event in initiating tau pathology, recent evidence suggested that tau phosphorylation is down-stream event directly affected by tau *O*-GlcNAcylation. The hydroxyl moiety of serine and threonine residues is the modification site for phosphorylation and *O*-GlcNAcylation. Although the exact residues for *O*-GlcNAcylation remain unclear, there is a great potential that competitive modification occurs between phosphorylation and *O*-GlcNAcylation \[[@B16-ijms-16-20212]\]. In the healthy brain, most tau proteins are protected with *O*-GlcNAc modification; therefore, cellular kinases cannot phosphorylate tau. Only after the *O*-GlcNAc is removed from tau, tau can be the substrate for cellular kinases to be phosphorylated. In this point of view, tau phosphorylation is just a secondary event, negatively regulated by *O*-GlcNAcylation \[[@B16-ijms-16-20212],[@B17-ijms-16-20212]\]. Indeed, that impaired glucose metabolism is a common feature of neurodegenerative disease \[[@B18-ijms-16-20212],[@B19-ijms-16-20212],[@B20-ijms-16-20212]\] has been reported. The impaired glucose metabolism often leads to depletion of UDP-GlcNAc, which is a substrate of *O*-GlcNAc transferase. Therefore, the depletion of UDP-GlcNAc decreases *O*-GlcNAc level in the brain resulting in tau phosphorylation.

On the other hand, there is a report that OGT and OGA often exist in the same protein complex with kinase and phosphatase, reinforcing their close relationship \[[@B21-ijms-16-20212],[@B22-ijms-16-20212]\]. It was also reported that OGT and phosphatase are found in the same protein complex, which indicated that there is an enzyme complex responsible for the removal of phosphate group concomitantly adding *O*-GlcNAc moiety \[[@B23-ijms-16-20212]\]. However, their tight regulation between the *O*-GlcNAcylation and phosphorylation remains unclear in tau research field. In this article, we have investigated the reciprocal interconnection between phosphorylation and *O*-GlcNAcylation using known inhibitors for OGA and OGT, Thiamet G and BZX2, respectively. Under basal condition, tau phosphorylation was decreased by Thiamet G and increased by BZX2, indicating the opposite regulatory effect of OGA and OGT on tau pathology. Under the tau hyperphosphorylation condition, Thiamet G did not induce a dramatic effect on tau phosphorylation, while BZX2 facilitated tau phosphorylation even further. These results indicate that when kinases are activated in cells, tau has less chance to be *O*-GlcNAcylated. Moreover, the BZX2-induced tau aggregation was efficiently decreased by Thiamet G, indicating their opposite regulatory mechanism on tau pathology.

3. Experimental Section {#sec3-ijms-16-20212}
=======================

3.1. Cell Culture {#sec3dot1-ijms-16-20212}
-----------------

The establishment of HEK293 tau-BiFC cell line was described in a previously published article \[[@B13-ijms-16-20212]\]. HEK293 tau-BiFC cells were grown in Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10,000 units/mL penicillin, 10,000 µg/mL streptomycin and 100 µg/mL Geneticin (G418) at 37 °C in a humidified atmosphere containing 5% CO2.

3.2. Cell Treatment and Analysis {#sec3dot2-ijms-16-20212}
--------------------------------

HEK293 tau-BiFC cells were plated in a black transparent 384-well plate under the same culture conditions described above. The next day, tau-BiFC cells were treated with Thiamet G (Sigma, St. Louis, MO, USA), BZX2 or Forskolin (Sigma) at various concentrations. After the incubation, the fluorescence response in tau-BiFC cells was automatically imaged by using Operetta^®^ High Contents Image System (PerkinElmer™, Waltham, MA, USA). The intensities of tau-BiFC fluorescence were analyzed using Harmony 3.1 analysis software (PerkinElmer™). Error bars indicate standard deviation from two independent experiments. Each experiment was performed in triplicate.

3.3. Immunoblot Assay and Analysis {#sec3dot3-ijms-16-20212}
----------------------------------

To quantify phosphorylation and *O*-GlcNAcylation level in tau-BiFC cells, immunoblot assay was performed 24 h after chemical treatment. Total cell lysates were prepared using CelLytic M (Sigma) containing protease and phosphatase inhibitor cocktail (Sigma). Ten micrograms of cell lysates were separated on 10% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore Co., Bedford, MA, USA). The blot was blocked with TBS-T (20 mM Tris-HCl, pH 7.6, 136 mM NaCl, and 0.15% Tween-20) containing 4% bovine serum albumin (BSA) and then incubated with primary antibody solution; anti-phospho-tau Ser199 (1:1000, ab4864), anti-phospho-tau Ser396 (1:1000, ab109390), anti-β-tubulin (1:2000, ab15568), monoclonal antibody *O*-GlcNAc (1:1000, \#9875) and anti-Tau Ser262 (1:2000, ab64193) at 4 °C overnight. The blots were developed with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibody and enhanced chemiluminescence HRP substrate (Thermo scientific, Hudson, NH, USA). Both bands (Tau-VN173 and Tau-VC155) intensities of the immunoblot signals from three independent experiments were quantified by ImageJ densitometry software (Version 1.48, National Institutes of Health, Bethesda, MD, USA). The average value was normalized with that of non-phosphorylated tau (TauSer262). Data are presented as normalized mean values ± standard deviation. The significance of the experiments was determined with paired *t*-test; **\*** *p* \< 0.05, **\*\*** *p* \< 0.01, **\*\*\*** *p* \< 0.001.

3.4. Immuno-Precipitation {#sec3dot4-ijms-16-20212}
-------------------------

Anti-tau (TauSer262) antibody was used to immunoprecipitate tau proteins from tau-BiFC cell lysates. The anti-tau (TauSer262) antibody (2 µg) was pre-incubated with 50 µL (25 µL agarose/bed volume) of protein A-sepharose beads (Sigma, P9269) for 1 hour with constant agitation at RT. The pre-incubated mixtures were gently centrifuged for 2 min and washed twice with PBS (pH 7.4). The tau-BiFC cell lysates (1 mg) were added to the pre-incubated mixtures and incubated overnight with constant agitation at 4 °C. The immunoprecipitated complexes were collected by centrifugation at 3000× *g* for 2 min at 4 °C and washed three times with 1 mL of PBS (pH 7.4). For the immunoblot analysis, immunoprecipitates were dissolved in 100 µL of Laemmli SDS sample buffer and heated for 5 min at 95 °C. Equal volume (20 µL) from all immunoprecipitated samples was loaded on 10% SDS-polyacrylamide gel.

4. Conclusions {#sec4-ijms-16-20212}
==============

In conclusion, our results indicate the protective role of *O*-GlcNAc in tau pathology and emphasize the importance of *O*-GlcNAcylation in controlling tau phosphorylation. For many years, tau phosphorylation has been considered the key mechanism initiating tau pathology. Here, we suggest the modification of the old paradigm: that tau phosphorylation is a secondary event caused by *O*-GlcNAc modification.
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Click here for additional data file.

Supplementary materials can be found at <http://www.mdpi.com/1422-0067/16/09/20212/s1>.
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